J. Phys. Chem. A997,101, 145-148 145
Determination of Mean Cluster Sizes by Water Capture
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Argon clusters (Ado-400 produced in a supersonic expansion were doped with water using the pickup method
and subsequently electron impact ionized. Charged fragments were detected by a triple-quadrupole mass
spectrometer. The intensities of the water-containing fragment peaksl &, n = 4—7) versus water
pressure followed Poisson distributions, from which capture cross sections were derived. These cross sections
corresponded to cluster sizes in agreement with published results for our range of stagnation conditions. The
measurement of water capture cross sections has been shown to provide a convenient means of determining
van der Waals cluster mean sizes.

Introduction Roots

The measurement of the mean cluster size is very important pump
to the characterization of a cluster beam. Van der Waals cluster
beams are typically produced by rapidly expanding a gas through .
a nozzle, into a vacuum chambeg Additive L

The earliest technique used to characterize clusters was Cryostat I_J ) Chamber Mass

i ionization/ti i P Spectromet
electron impact ionization/time-of-flight mass spectrométry. — pectrometer
Unfortunately, van der Waals clusters are extensively frag- I

mented by the ionization process. The resulting ionized
fragments, especially for small clusters, are not at all representa-
tive of the parent cluster siZe A correction method has been 600 I/s
developed to alleviate this problenbut it complicates the data pump
analysis. Figure 1. Schematic of the apparatus.
Other types of measurements have been carried out that
require sophisticated equipment and/or difficult data analysis has a 1 mnentrance diameter. The skimmer assembly is also
like electron diffractiot® and collisional scatterirfr require  attached to a stainless steel diaphragm. This diaphragm is used
an absolute calibration like Rayleigh scatterfg. to separate the first pumping stage from the second one. The
In this work we have used what most experimentalists discharge chamber is connected through a gate valve to a Roots
consider an irritating problem, namely, the pickup of background blower pump with a pumping speed 6200 L/s. Typical
water molecules by clusters, and turned it into a simple, direct, pressure under operating conditions ig 2072—2 x 1071 Torr.
and reliable cluster size measurement technique using the The second pumping stage is pumped out by a turbomolecular
methods of the pioneering works of Gough et'@nd Lewerenz  pump with a nominal speed of 600 L/s. The second skimmer,

3500 Ifs
pump

et all? or collimator, is attached to a shroud and placed 30 mm from
the nozzle exit plane and $ia 2 mmdiameter entrance aperture.

Experimental Section Under operating conditions, this region reaches a pressure of
10-@=5 Torr.

For the production of an intense cluster beam, a Campargue . . .
sourcé3was used. This type of source utilizes a relatively high ~ The third pumping stage is evacuated by a turbomolecular
pressure £0.2 Torr) in the discharge chamber, yielding PUmp of 3500 L/s nominal speed. It is used as the doping
conditions favorable to producing clusters efficiently. However, chamber, with an effective doping length 6f100 cm. The
the high gas density achieved over a long path requires Verydoplng pressure |s_mon|tored py a BayardTAIpert type ionization
precise skimming to avoid destroying the beam. gauge which is calibrated against a capautance manometer. The

Figure 1 displays the apparatus schematically, i.e., not to YPical background pressure of the doping chamber i€ Torr
scale. On the left is the nozzle discharge chamber. The sonic@"d is mostly due to water. _ o
nozzle with a throat diametet of 0.17 mm is coupled to a Clusters are detected by electron impact |on|z_at|on mass
cold head located inside a shroud. This head is cooled by aSPectrometry. Doped clusters pass thitagé mmdiameter
closed cycle He refrigerator, the temperature of which can be @perture and through a chamber pumped by an 8 in. diameter
controlled by throttling. The inside of the shroud is sealed off Cryopump with a nominal pumping speed of 1200 L/s. The
from the discharge chamber with a stainless steel diaphragm.typical pressure in this chamber is“0Torr under operation.
The first skimmer, placed 6 mm from the nozzle exit plane, is The cluster beam is chopped by a tuning fork for phase sensitive

attached to the nozzle assembly with four Nylon spacers. It detection and enters the quadrupole mass spectrometer chamber
throuch a 3 mmdiameter aperture. The cluster beam is electron

*To whom correspondence should be addressed. impact ionizec_i with 100 eV electrons from.a qonqentric electron
€ Abstract published ifAdvance ACS Abstractfecember 15, 1996. gun. Cluster ions are extracted from the ionization region by a
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Figure 3. Variation of the peak intensity at mass 178, corresponding
0.0001 to the AyH,O" fragment, with water pressure in the pickup chamber.
: ! T T ! ! ! ! po = 1.15 atm andl, = 160 K. The line represents the Poisson fit to
0 40 80 120 160 200 240 280 the data. The quality of the fit is representative of most recorded data.

mass (amu) The calculated mean cluster sizeNs= 87.

Figure 2. Mass spectrum obtained for electron impact ionized water 5 plot for the AgH,O™ mass peak; it is typical of AH,O"
doped Ar clusters. The intensity scale is a common log scale, becausepeaks_ The experimental data were fitted to a Poisson distribu-

it highlights the lower intensity peakp, = 1.15 atm,To = 160 K, and . S .
thegwa?er pressure is 3.41)/1%5‘(-?-@0”. The masos peaks at 40 tion,22which is expected for random events. Figure 3 represents

correspond to pure Ar fragments. Mass peaks appearingrat-408 sych a distribution. Since this process and its_analysis was
correspond to AHO" fragments. One can see a shoulder on the low discussed at length by Lewerenz et'dbnly the details relevant

mass side of the pure Ar fragments. This shoulder correspondsto Ar to this work will be outlined. For one water molecule picked
(H20)," fragments, appearing at massn4® 36. up, we have

set of six electrostatic lenses, mass analyzed by a quadrupole | = KoL exp(~al) (1)
mass spectrometer, and detected by a channeltron multiplier. ] ] o ]

The quadrupole mass spectrometer chamber is pumped by avherel is the peak intensity is a constant, antl is the length
600 L/s turbomolecular pump. Its pressure is typicaly0~7 of the pickup region. The parameteris given by

Torr; thus, the effect of collisional fragmentation in the detection

chamber on the measured spectra is insignificant. O = NOapyrEad %) (@)

The analog signal from a preamplifieamplifier combination
connected to the channeltron multiplier is digitized by a 16-bit
analog-to-digital converter. The digital signal is stored and
analyzed on a personal computer, which is also used to run an
control the mass spectrometer via a 16-bit digital-to-analog
converter. Typical mass spectra have-e&2lamu resolution in
the 16-300 amu range.

Since the stagnation pressysg the stagnation temperature
To, and the nozzle throat diameter determine the flow
conditions, they are the parameters that govern the clustering
proces$36 In this work, we used only one nozzle size.

Therefore, to produce different mean cluster sipesyas varied L Heren...is the water number density at the maximum of
in the 1.15-3.4 atm range ant, spanned the 166300 K range. tHe distribnlﬁ)i(on y

In the doping chamber, the water pressure was increased Experimental data such as that presented in Figure 3 were
progressively from 107 to 10~ Torr, resulting in an increasing fitt dpt 1 usi L b P dt al 'thg Th
level of Ar cluster doping, up to the formation of pure water hec 1o €q L using a Leven erg/arquardt algorithm. e
clusters. resulting cross sections were averaged for masses corresponding
to the Ap—;(H-O)* fragments. For these fragments, cross
sections were found to be independent of the mass and showed
little dispersion. We assumed that the sticking coefficient of
Figure 2 shows a typical mass spectrum for water-doped Ar water on Ar clusters was unity, based on the strength of the
clusters. As expected, the signal originates from cluster Ar—H,O interaction potential. We also assumed that the
fragments. Pure Ar fragments appear at mass, 4thile clusters were spherical. Capture cross sections were converted
ArpH,O" fragments appear at massm@ 18. The relative into mean cluster sizes using eqs 3 and 4 shown below. First,
intensities of the AH,O™ peaks with respect to Arpeaks cluster radii were evaluated using the following expression:
depend on the water pressure in the doping chamber.
For a set of given stagnation conditions, mass spectra, such R, = (olm)? (3)
as that presented in Figure 2, were recorded for different doping
chamber pressures. The intensities of individugHyO™* peaks whereR; is the cluster radius, anglis the capture cross section.
were plotted against the water pressure. Figure 3 shows suchFor an Ar van der Waals radiuR,, of 3.6 x 1078 cm, the

whereo is the capture cross sectiamis the number density of
water, and-,(e,X) is a velocity-averaging correction factor for
£n assumed velocity independent hard-sphere potexitathe
ratio of the cluster beam velocity to the dopant molecule
velocity. It should be noted that is a linear function of the
water number density. Tabulated values Bfy(c,x) are
available!* For this set of experimentBao(e,x) is in the range
1.17-2.1. Equations 1 and 2 were used to calculate capture
cross sections. Curve fits dfversusn gavea, and thuso. It

is also possible to determimefrom the position of the maximum
of the Poisson distribution, asmax is the inverse of 4o(0,X)-

Results
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Figure 4. Variation in cluster size at 140 K, with a nozzle diameter 1 = T T
of 0.17 mm for a range of stagnation pressures. The pressure exponent 100 1000 10000 100000
is 1.8. r*
cluster sizeN was defined as Figure 5. Comparison between the mean cluster sizes obtained from
3 o3 this work and some of those previously published. The line is a fit of
N = (4/37)(R/R,,) =9 x 10 ‘R, 4) all data but that of Farges et alsjnce it is consistently offset from all

other measurements. The data of Verkhovtseva &walre corrected
with R; expressed in angstroms. One should note that thesefor the use of a conical nozzfe.
equations are valid for hard-sphere type interaction and that such

interactions are assumed throughout this work. Interactions JABLE 1: List of the Pressure Scaling Laws for Cluster
. .~ Sizes from this Work and Previously Published Data
between water molecules and argon clusters are subject to dipole

induced-dipole interactions. These interactions will increase __'ef ¢ dmm  TodK measurement type
the effective size of the clusters, and the valu&afalculated 2 1.8 0.49 223-398 time of flight mass spectrometry
using egs 3 and 4 may be overestimating the actual cluster size3 2.3% corrected mass spectrometric
To test the accuracy of our measurements, we derived a _Measurements
scaling law to correlathl andpo. Figure 4 shows a logarithmic ~ +° i'g? 02 300 d:erreecrtrrgr:edci)fffrfgé?oaglon
plot of N versuspg for To = 140 K. Regression analysis showed g 18 034 156-500 electron diffraction
that N correlates withpy according to 9 15 0.2 300 scatterings electron diffraction
9 135 0.2 300 collisional scattering
N= Kpol'8 (5) thiswork 1.8  0.17 140 water capture

a\We use the fornN O pe¥. All sonic nozzles unless indicate®IN/

whereK is a proportionality constant. : =S LTSS
We al d the H d . i et Z, uncorrected for fragmentation, or multiple ionizati6iCorrected
e also used the Hagena condensation parani€ter to N, from compiled datad Theoretical . Conical nozzle. These authors

compare our results with those of others. Since Hagena hasreported the dependendg O p® The number in our table

discussed this parameter at lengftit will be briefly introduced corresponds to % 0.6.

here. This parameter accounts for both bimolecular and

unimolecular reactions governing cluster growth and decay. It the range of the reported values for Ar clusters (see Table 1).

is dimensionless and for Ar clusters has the following numerical The result of Farges et ais of particular significance, since it

form: corresponds to a range of cluster sizes very similar to ours. They

. 0.85 599 also used a sonic nozzle of similar diameter; however, they

I' = 1275p/atm)@mm)™"(T/300 K) (6) operated their source @ = 300 K. The agreement between

Values ofl™ were computed using eq 6 for every single set of their exponent and ours is very good. B

stagnation conditions used to measure mean cluster sizes. Figure The result_reported by_ Verkhoviseva et®ais n good .

5 shows a plot of mean cluster sizdwversus the condensation agreement with ours. _Th's should be regarded with caution
parametei™. We used™ as a scaling parameter, because it is since they u_sed a conlc_al nozzle. Such nozzles usually yield
universal, even though we are only reporting Ar data. Data somewhat different scaling laws. . .

from this work are displayed as filled disks. The open symbols _Hager_1a and Obérused a 0.49 mm diameter sonic nozzle
pertain to previously published works. A regression including With To in the range 223398 K. They found a 1.8 0.1

all data but that of Farges et®isee Discussion section) yielded €XxPonent for the variation a¥/Z with po, whereZ is the charge
the following relationship betweeN andT™: of the cluster. These clusters sizes were not corrected for

fragmentation or multiple ionization. Applying a correction will
N = 3.3 x 10 °['20+01 (7 increase the exponent. In ref 3 (eq 12), Hagena gave an

) . exponent of 2.35 without error limits, obtained from the fitting
Note that if only data from this work were used, the exponent ¢ yata from different research groups.

of I would be less. Cuvellier et aP plotted both Farges et &land their own Ar

cluster size measurements versus pressure in Figure 4 of ref 9.

Both sets of data were obtained = 0.2 mm andl, = 300
Scaling of N with po. The exponent we obtained for the K. By fitting this data, we found thaN depended ompg!®.

variation of cluster size with pressure (eq 5) fits well within However, when including only scattering data, we foumg!e®

Discussion
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dependence. The reason for this discrepancy remains uncleardetails are generally not reported in the literature, we have to
Nevertheless, we feel confident that the general agreementrely onI™ to compare cluster sizes.
between previously reported data and ours validates our method. Some researchers have relied for years on cluster size

Scaling of N with T". From Figure 5 it is obvious that our  calibrations based ofi* alone to determine their mean cluster
results match well with those derived from corrected time-of- sizes. We think that there is no need for this any longer, since
flight spectroscopy;® Rayleigh scattering® and electron dif- most laboratories equipped for cluster production possess the
fraction® However, the electron diffraction results of Farges hardware and expertise to perform water capture cluster size
et al’ show consistently higher cluster sizes than other measure-measurements. The mean cluster sizes thus obtained should
ments. This cannot be attributed to the method they used alonebe more accurate, as they would be specific to the actual source
since the results from ref 8 are in line with all the other design and operation.
measurements. It should also be noted that the determination Water capture can be readily used outside the range of our
of diameters from electron diffraction data is not a direct process. conditions. The range we chose was such as to provide us a
Diffraction patterns have to be generated and compared togood overlap with published data. However, one needs to be
experimental ones. The typical radius error quotett i20%, cautious when considering fairly small clustels € 30). For
which corresponds to a factor of 2 in cluster size. Therefore, small clusters, some of our assumptions can be problematic:
different electron diffraction investigators may end up with the sticking coefficient of water on Ar clusters may not be 1,
significantly different cluster sizes for a same set of stagnation and the spherical approximation may be too idealistic for
conditions. Also, it is possible that the expansion conditions accurate results.
used in Farges et al.'s measurements were significantly different Water capture size measurements are not limited to rare gas
from that of others. The actual geometry of the expansion, i.e., clusters. This method can be used for molecular van der Waals
position, size, and geometrical design of the skimmer, as well clusters, which also readily fragment upon electron impact
as the discharge chamber pressure is critical to the cooling ofjonization.
the beam and to cluster formatiéh.

The “slow down” measurements of Cuvellier et’are in Conclusion
agreement with those of Farges ef’ dbr small clusters but
converge with those of others for larger clusters. A similar trend
is observed for the results of Bell et*8l. The reason for this
behavior remains unclear.

The overall agreement of the various methods of cluster size
measurements is very satisfactory. Therefore, fitting all of the
data from Figure 5, except that of Farges et’ateemed
reasonable. We found thiitscaled with[ 2901 (eq 7) whereas
in eq 12 of ref 3N scaled with["235, The result from reference
3 was derived using corrected mass spectroscopic data only,
whereas that from this work included other methods. This
difference might be responsible for this slight discrepancy.

From eq 7 it follows thaN scales withpg?To=#8. This yields
a pressure power exponent of 2, close to that of eq 5. Khuth
found that the Ar dimer formation rate scaled wi§r4. Since
dimer formation is considered to be the first step toward the
formation of clusters, one would expect the temperature (1) Becker, E. W.; Bier, K.; Henkes, WZ. Phys.1956,146, 333.
exponent for cluster sizes to be similar. Indeed, the result from (2) Hagena, O. F.; Obert, W. Chem. Phys1972 56, 1793.

Water capture appears to be a simple, direct, reliable, and
inexpensive way of measuring van der Waals cluster mean sizes.
It does not require sophisticated scientific apparatus, such as
that needed for electron diffraction measurements or Rayleigh
scattering. The data analysis is simple, unlike that needed for
corrected cluster sizes derived from time-of-flight mass spec-
trometry or for sizes extracted from collisional scattering
experiments.
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